Rare, functional, non-synonymous variants in the human serotonin (5-hydroxytryptamine, 5-HT) transporter (hSERT) gene (SLC6A4) have been identified in both autism and obsessive-compulsive disorder (OCD). Within autism, rare hSERT coding variants associate with rigid-compulsive traits, suggesting both phenotypic overlap with OCD and a shared relationship with disrupted 5-HT signalling. Here, we document functional perturbations of three of these variants: Ile425Leu; Phe465Leu; and Leu550Val. In transiently transfected HeLa cells, the three variants confer a gain of 5-HT transport phenotype. Specifically, enhanced SERT activity was also observed in lymphoblastoid lines derived from mutation carriers. In contrast to previously characterized Gly56Ala, where increased transport activity derives from catalytic activation, the three novel variants exhibit elevated surface density as revealed through both surface antagonist-binding and biotinylation studies. Unlike Gly56Ala, mutants Ile425Leu, Phe465Leu and Leu550Val retain a capacity for acute PKG and p38 MAPK regulation. However, both Gly56Ala and Ile425Leu demonstrate markedly reduced sensitivity to PP2A antagonists, suggesting that deficits in trafficking and catalytic modulation may derive from a common basis in perturbed phosphatase regulation. When expressed stably from the same genomic locus in CHO cells, both Gly56Ala and Ile425Leu display catalytic activation, accompanied by a striking loss of SERT protein.
INTRODUCTION
Autism is an increasingly recognized, juvenile (less than 3 years)-onset disorder characterized by deficits in language acquisition, an inability to infer meaning from normal social cues, and an insistence on sameness that often precipitates severe anxiety with minor changes in the environment (Lord et al. 2000) . A male predominant (approx. 4 : 1 M/F) disorder, the prevalence of autism has been recently estimated to be as high as 1 : 150 (Van Naarden Braun et al. 2007) . Such high prevalence recognizes the 'autism spectrum', which comprises subjects with typical autism, as well as those with a less severe expression of features, such as those with Asperger's syndrome. Significant risk for autism is thought to derive from heritable factors determined by multiple genes whose identity or variation may be distinct in different families ( Veenstra-Vander Weele et al. 2004) . Elucidation of the genetic variants and their biological impact offers the possibility of prenatal counselling, earlier identification of at-risk children, development of animal models and pursuit of biology-informed therapeutics. With these goals, we and others have pursued genome-wide linkage analyses of autism, identifying a strong linkage signal at 17q11.2-17q21 (Cook et al. 1997; McCauley et al. 2004; Stone et al. 2004; Cantor et al. 2005; Sutcliffe et al. 2005) . Although the linkage signal we obtained was already highly significant, particularly for a complex neurobehavioral disorder (HLODw5), linkage increased substantially when male-only subject families were included in the analysis (HLODw8). By contrast, no linkage signal was apparent with families in which at least one of the affected subjects was a female, suggesting not only that the 17q11.2-21 locus harbours one or more major risk determinants for autism, but also that it may contribute to the overall gender bias seen in autism.
The 17q11.2-21 locus includes, among other genes, the SLC6A4 gene that encodes the serotonin (5-hydroxytryptamine, 5-HT) transporter (hSERT, 5-HTT), the protein singularly responsible for antidepressant-sensitive, 5-HT inactivation in the brain and periphery (Ramamoorthy et al. 1993) . SERT proteins are localized to the presynaptic terminals of 5-HT secreting neurons (Qian et al. 1995) , and are also found in cells specializing in systemic 5-HT storage or inactivation, including specialized cells of the gut (Gordon & Barnes 2003) , placenta (Balkovetz et al. 1989 ) and lung (Paczkowski et al. 1996) , as well as in adrenal chromaffin cells (Schroeter et al. 1997) , blood lymphocytes (Faraj et al. 1994; Gordon & Barnes 2003) and platelets (Carneiro & Blakely 2006; Carneiro et al. 2008) . We were particularly drawn to hSERT as a candidate for autism risk as blood (or platelet) hyperserotonaemia is a long-standing and well-replicated finding in autism (Piven et al. 1991; Cook & Leventhal 1996) . Platelet stores comprise virtually all of the 5-HT in the blood of both normal and autism subjects, though 5-HT is not synthesized in this cellular element. Rather, platelets express SERT proteins (the same gene produces SERT proteins in platelets and brain (Lesch et al. 1993) ), to acquire 5-HT released into the circulation by enterochromaffin cells of the gut. Importantly, just as autism risk, blood 5-HT levels are heritable (Cross et al. 2008) , suggesting that shared alleles at the SLC6A4 locus and other 5-HT determining genes may explain components of both traits in some autism subjects.
In conventional association studies using common SLC6A4 polymorphisms, we were unable to demonstrate strong association in the families from which our strong linkage signals arose . This prompted us to examine the SLC6A4 locus for the presence of rare variants that, collectively, could contribute to the linkage signals. Attempting to bias our efforts towards genetic variation with plausible contributions to functional disturbances, we concentrated our efforts on a search for alterations within exons that encode hSERT protein (as well as noncoding exon 1) from probands of affected male-only (MO) families that contributed most significantly to the linkage signals. Remarkably, in the initial 24 unrelated subjects analysed, we not only identified several instances of a previously reported coding variant (Gly56Ala; rs6355) but also multiple, novel non-synonymous variants at highly conserved amino acids. Ultimately, our study elaborated five hSERTcoding variants: Gly56Ala; Ile425Leu (rs28914832); Phe465Leu (rs28914833); Leu550Val (rs28914834); and Lys605Asn (rs6352). Ile425Leu, Phe465Leu and Leu550Val had not been previously described, and our own control studies, as well as independent explorations of hSERT-coding variation (Glatt et al. 2001) , demonstrated each to represent rare genetic alterations, with a frequency of much less than 1 per cent. The Ile425Leu variant occurs at the same amino acid found to harbour a distinct variant (Ile425Val) associated with obsessive-compulsive disorder and Asperger's syndrome (Ozaki et al. 2003) . The Lys605Asn variant was previously identified in a screen for SLC6A4 variants in a reference sample without available clinical features (Glatt et al. 2001) .
Through genotyping studies on the full pedigrees, we found Gly56Ala to be elevated in frequency relative to controls, to be overtransmitted to affected probands and to be more likely associated with autism if the carrier was a female. Most of the subjects bearing a Gly56Ala variant were carriers, though we also identified three unrelated homozygous individuals in these families, comprising two affected males and a mother of two affected heterozygous males. The other variants that we identified, except for Lys605Asn, demonstrate selective transmission to affected males and the lack of transmission to unaffected females in the same family. In vitro functional studies of Gly56Ala in a parallel effort, where we characterized functional disturbances associated with all previously reported hSERT-coding variants , established Gly56Ala and Lys605Asn as gain-of-function variants. Detailed studies of Gly56Ala revealed elevated basal 5-HT transport arising predominantly from a change in transport function (catalytic alteration), as opposed to elevated surface expression. Additionally, we found that Gly56Ala and Lys605Asn demonstrate a strikingly altered pattern of regulation by multiple Ser/Thr kinases known to regulate hSERT in native and transfected cells. Thus, both variants demonstrate insensitivity to activators of protein kinase G (PKG) and p38 mitogen-activated protein kinase (MAPK), stimuli that normally trigger elevated surface expression or enhancement of SERT catalytic rates , respectively. Furthermore, we found that Gly56Ala demonstrates elevated basal phosphorylation relative to wild-type hSERT and also lacks enhanced phosphorylation with PKG activation by 8Br-cGMP. Finally, using lymphoblast lines from autism probands that were homozygous or heterozygous for Gly56 or Ala56 alleles, we demonstrated both hypermorphic status and lack of PKG/p38 MAPK regulation in a native expression context. The studies noted above led us to conclude that rare, functional variants in hSERT may contribute to autism in some pedigrees. Additionally, we showed that the rigid-compulsive trait domain is particularly influenced by these variants (either Gly56Ala alone or Gly56Ala, Ile425Leu, Phe465Leu, Leu550Val analysed as a group; Sutcliffe et al. 2005) , consistent with the evidence that hSERT-targeting selective serotonin reuptake inhibitor (SSRI) medications provide therapeutic relief for anxiety features (versus language or social communication skills; Kolevzon et al. 2006) . Whether the gain-of-function and altered regulation properties of Gly56Ala and Lys605Asn are shared by other autism-associated hSERT variants remains to be determined. In the present study, we examined the functional properties of Ile425Leu, Phe465Leu and Leu550Val, comparing the function with that of wildtype and Gly56Ala hSERT. Remarkably, we find that all variants confer elevated hSERT activity whether assessed in transfected or natively expressing (lymphocytes) cells, though they appear to do so via (at least) two distinct mechanisms. We discuss our findings with respect to endogenous pathways that support basal and receptor-mediated regulation of hSERT activity, and how disruption of these pathways may contribute additional determinants of autism risk.
MATERIAL AND METHODS
(a) Genotyping and lymphocyte studies Lymphocyte lines were derived from autistic pedigrees recruited by Susan E. Folstein at Tufts University (TUFTS), from the Autism Genetics Resource Exchange (AGRE ) collection (http://www.agre.org/) and from the NIMH Human Genetics Initiative Repository (http://www. nimhgenetics.org/) at Rutgers University. DNA from human Epstein-Barr virus (EBV )-transformed lymphoblastoid cell lines was genotyped to identify individuals carrying the variant allele via TaqMan-based allelic discrimination, using an Applied Biosystems (Foster City, CA, USA) Assayby-Design, developed with intra-exonic sequences. Controls were selected to match for 5HTTLPR and second intron VNTR. Genotypes were independently confirmed by PCR and direct sequence analysis of the corresponding products. The Leu550Val lines derive from AGRE 254-04 (affected male) and was compared with AGRE 254-02 (unaffected father, non-carrier). The Phe465Leu lines derive from TUFTS 4001-4 (affected male) and 4001-5 (affected female) and was compared with 4001-01 (affected male sibling, noncarrier) and 4001-03 (unaffected mother, non-carrier). The Ile425Leu line derives from AGRE 509-10 (affected male) and was compared with AGRE 509-02 (unaffected father, non-carrier). Genotyped lymphocytes were cultured in suspension in RPMI 1640 medium prior to assay, supplemented with 15 per cent foetal bovine serum, 2 mM L-glutamine, 100 units ml K1 penicillin and 100 mg ml
K1
streptomycin at 378C in a humidified incubator at 5 per cent CO 2 and maintained in uniform growth conditions.
(b) HeLa cell culture and transfection HeLa cells, maintained at 378C in a 5 per cent CO 2 humidified incubator, were grown in complete medium (Dulbecco's Modified Eagle's Medium (DMEM, Invitrogen, Carlsbad, CA, USA), 10 per cent foetal bovine serum, 2 mM L-glutamine, 100 units ml K1 penicillin and 100 mg ml K1 streptomycin). Transfections (0.05 mg/10 000 cells/24 well plate) were performed using FuGENE 6 reagent (Roche) in Opti-MEM I (Invitrogen). hSERT cDNA (Ramamoorthy et al. 1993 ) was expressed via the mammalian expression vector pcDNA3.1 (Invitrogen). Mutations in SERT producing the following amino acid changes were generated using the QuikChange mutagenesis kit (Stratagene): Gly56Ala; Ile425-Leu; Phe465Leu; and Leu550V. All mutations were confirmed by fluorescent dideoxynucleotide sequencing (Center for Molecular Neuroscience Neurogenomics Core) and purified in parallel (Qiagen) prior from multiple transformations to preclude ascription of non-specific phenotypes in transfected cells. hSERT cDNAs were incubated with the FuGENE-Opti-MEM I reagent (1 : 3 DNA/lipid ratio) at ambient temperature for 30 min before adding to plated cells. The transfected cells were cultured as above for 36 h prior to 5-HT transport and biochemical assays.
(c) CHO-Flp-In stable cell generation To evaluate wild-type hSERT versus hSERT mutants in a stable cell model where expression derives from the same genomic locus, cDNAs were subcloned into pcDNA5/FRT plasmid (Invitrogen). Seeded Flp-In-CHO cells (Invitrogen) were then transfected with plasmid constructs using TransIT transfection reagent (Mirus Bio, Madison, WI, USA ) using 100 ng hSERT/pcDNA5/FRT and 900 ng pOG44 (Invitrogen). Post-transfection (48 hours), the cells were split into hygromycin B-containing media and allowed to select for approximately 10 days with media changes throughout. Resistant cells were screened for Zeocin (Invitrogen) sensitivity and propagated in the same medium prior to 5-HT uptake studies assessment of SERT protein expression. assay buffer containing 130 mM NaCl, 1.3 mM KCl, 2.2 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 1.8 g l K1 glucose and 10 mM HEPES (pH 7.4). Specific 5-HT uptake was determined by subtracting the amount of [ 3 H]5-HT accumulated in the presence (10 mM) of the SSRI paroxetine (SmithKline Beecham). Saturation analyses were performed using serial dilutions of a labelled/unlabelled 5-HT mix. For lymphocyte assays, the cells were pelleted at 1500g for 5 min and washed with KRH assay buffer. A total of 1!10 6 cells in triplicate were pre-warmed (378C) in a shaking water bath (10 min) in a 12!75 polypropylene tube in KRH buffer containing 100 mM pargyline and 100 mM ascorbic acid with or without modifiers. After 5 min incubation with [ (e) Analysis of SERT surface expression For estimation of SERT total and surface density in transfected HeLa cells, we measured [
125 I]RTI-55 binding (5 nM) to intact cells on ice, using the membraneimpermeant competitor 5-HT (100 mM) and the membrane-permeant competitor paroxetine (1 mM) to define surface and total specific binding, respectively. To establish the levels and biosynthetic progression of hSERT protein produced from mutant cDNAs, HeLa cells were plated onto 24-well dishes at 10 000 cells per well and transfected 12 h later. Twenty-four hours after transfection, the cells were washed twice with PBS/CM and incubated for 30 min at 48C with shaking in 100 ml/well RIPA solubilization buffer (10 mM Tris (pH 7.4), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate) containing protease inhibitors (1.0 mg ml K1 soya bean trypsin inhibitor, 1.0 mg ml K1 leupeptin, 10 units ml K1 aprotinin, 250 mM phenylmethylsulphonyl fluoride) and blotted for hSERT (1 : 1000; mAb Technologies, Inc.) using enhanced chemiluminescence (ECL, Amersham) detection. Altered density of SERT surface proteins was validated using immunoblotting of biotinylated whole-cell extracts produced using the lysine-directed, membrane-impermeant biotinylating reagent sulpho-NHS-SS-biotin (Pierce).
(f ) Data analyses All data were derived from three or more independent replicates of the conditions employed. Data were graphed and analysed statistically using Prism (GRAPHPAD). Specific statistical tests and p values are provided in the figure legends. Kinetic constants (K M and V max ) from saturation 5-HT transport studies were determined in Prism from nonlinear least-squares curve fits of data using the general MichaelisMenten equation.
RESULTS
A topological, 12-transmembrane (TM) domain model, organizing the five hSERT-coding variants identified in autism subjects, is shown in figure 1a . The three novel hSERT variants uncovered in autism probands, Ile425Leu, Phe465Leu and Leu550Val, are located within predicted TM domains, whereas the previously reported Gly56Ala and Lys605Asn substitutions occur in the cytoplasmic amino and carboxy termini of hSERT, respectively. Previously, we demonstrated that the lymphoblasts homozygous for the Autism-associated SERT coding variants H. C. Prasad et al. 165 Ala56 allele demonstrate elevated SERTactivity, relative to Gly56 homozygous lines Sutcliffe et al. 2005) . Here, we extended these studies to the lines derived from the autism subjects that carry single alleles of Ile425Leu, Phe465Leu or Leu550Val. We measured SERT activity in these lines and, in parallel, measured L-glutamate transport activity as a measure of specificity. As shown in figure 1b, SERT activity was elevated in all three variant lines relative to the activity found in the cells bearing wild-type alleles at each of the mutated sites. All 5-HT transport in the variantexpressing cells' activity was citalopram sensitive, diminishing the possibility of induction of other transport systems capable of transporting 5-HT such as PMAT (Zhou et al. 2007) or OCT3 (Kekuda et al. 1998 ). More importantly, no change was observed in L-glutamate transport, indicating a measure of specificity for the transport alterations to hSERT, as well as stability of cellular bioenergetics, such as ion gradients or membrane potential that could indirectly impact SERT. Rather, these initial findings suggest an intrinsic, gain-of-function property produced by each of the hSERT variants.
In order to establish the impact of Ile425Leu, Phe465Leu and Leu550Val on SERT activity in a model system devoid of other influences arising from the cells of the affected subjects, we transiently expressed the five cDNAs individually into HeLa cells for comparison with wild-type hSERT. Regulation of hSERT activity by intracellular signalling pathways can be lost or altered if the transporter expression level greatly exceeds that found in natively expressing cells. Thus, we titrated hSERT plasmids used for transfection to achieve a level of expression comparable to that found in cultured lymphoblast lines and mast cells. With saturation kinetic studies (table 1) , we observe significant reductions in 5-HT K M for all variants; Ile425Leu, Phe465Leu and Leu550Val also exhibit significantly elevated transport capacity (V max ). The 5-HT transport activity of all variants retains sensitivity to the highly specific hSERTantagonist paroxetine, and thus we attribute the gain-of-function properties to the introduced constructs, rather than ectopic stimulation of non-specific uptake systems.
Analysis of whole-cell radioligand-binding experiments with hSERT-transfected cells reveals a striking difference for the three novel variants in relative surface expression ( figure 2a,b) . Thus, whereas Ile425Leu, Phe465Leu and Leu550Val display equivalent levels of total SERT protein, as inferred from paroxetinesensitive [
125 I]RTI-55 binding to transfected cells (figure 2a), these variants exhibit significantly enhanced binding of the radioligand under conditions (5-HT displacement, 48C) adopted to reveal the surface pool of transporters (figure 2b). These data suggest that a significant component of the elevation of SERT activity seen in transport studies for these variants arises from altered surface trafficking.
To gain further support for surface trafficking alterations, we biotinylated transfected cells using the membrane-impermeant reagent NHS-SS biotin and compared the level of SERT proteins in total and Ã biotinylated (surface) fractions by immunoblotting with a human SERT-specific antibody. Our studies demonstrate that as with total SERT binding, total protein levels for all hSERT variants were equivalent to wild-type hSERT (figure 2c,e), whereas surface proteins were significantly elevated for Ile425Leu, Phe465Leu and Leu550Val (figure 2d, f ). In these experiments, we actually observed diminished Gly56Ala SERT protein in surface membranes when compared with wild-type SERT. These findings reinforce our contention that the gain-of-function transport property of the Gly56Ala variant arises from catalytic activation and that gain of catalytic activity can, unexpectedly, accompany a reduction in surface expression. Additionally, they ascribe to Ile452Leu, Phe465Leu and Leu550Val a mechanistic perturbation distinct from that impacting Gly56Ala, which leads to elevated transporter surface expression.
Previously, we demonstrated that the hSERT variants Gly56Ala and Lys605Asn not only display a gain of transport activity but also exhibit a striking loss of regulation through PKG and p38 MAPK pathways . To determine whether this is a common property of other autism-associated hSERT variants, we returned to the HeLa model to explore sensitivity of variants to 8Br-cGMP or anisomycin, which activate PKG or p38 MAPK, respectively. As described previously, wild-type SERT displays an elevation of activity in response to these agents that can be attenuated by PKG or p38 MAPK inhibitors, whereas hSERT Gly56Ala is insensitive to these agents ( figure 3a,b) . In contrast to Gly56Ala, the cells expressing Ile425Leu, Phe465Leu and Leu550Val exhibit significant PKG-and p38 MAPK-stimulated SERT activity, though percentage stimulation was not as great as that seen with wild-type SERT, possibly 125 I]RTI-55 as defined with 5-HT (100 mM) as displacer. In vehicle-treated cells, hSERT total binding (fmol!10 K5 ) was 583.7G20.6, and the surface binding was 175.7G11.7. Results for (a,b) reflect meanGs.e.m. of three separate experiments normalized to hSERT (100%). Binding levels were analysed via a one-way ANOVA followed by post hoc Dunnett's tests comparing mutant means to hSERT, with Ã p!0.05 taken as significant. (c) Immunoblots of total cell extracts prepared from HeLa cells transfected with hSERT or one of the variants described in the study. (d ) Cell surface expression alterations in hSERT Gly56Ala, Ile425Leu, Phe465Leu and Leu550Val. Variants were transfected in parallel with hSERT into HeLa cells and cell surface transporters identified by immunoblotting of biotinylated samples, captured as described in §2. Quantitative estimations of relative (e) total and ( f ) surface density of hSERT, Gly56Ala, Ile425Leu, Phe465Leu and Leu550Val based on densitometry of biotinylation immunoblots. Data reflect mean values of three separate experiments Gs.e.m. Means were compared with a one-way ANOVA followed by Dunnett's test to compare variant surface expression with that achieved with hSERT, with p!0.05 taken as significant ( a consequence of their elevated basal function. Regardless, these findings are consistent with a distinct mechanism supporting the functional perturbations leading to the gain-of-function alterations exhibited by Ile425Leu, Phe465Leu and Leu550Val.
Activation of protein kinase C (PKC) with phorbol esters such as b-PMA leads to a rapid reduction in 5-HT transport capacity and surface expression in hSERT-transfected cells (Qian et al. 1997) , a sensitivity significantly enhanced with the Gly56Ala and Lys605Asn mutants . To examine whether the novel autism coding variants display similar or distinct patterns of regulation to PKC activators as seen with Gly56Ala, wild-type-and mutant-transfected cells were treated with b-PMA (0.1-1 mM, 30 min). As shown in figure 4a , wild-type (WT) hSERT displays under these conditions a dosedependent sensitivity to b-PMA that can be blocked by either staurosporine or bisindolylmaleimide (BIM). Under these conditions, 1 mM b-PMA induces an approximately 30 per cent loss of SERT activity. As described previously , the Gly56Ala variant exhibits increased sensitivity to b-PMA, with an approximately 50 per cent loss of function evident under the same conditions. By contrast, the Ile425Leu, Phe465Leu and Leu550Val variants displayed comparable or even slightly reduced sensitivity to b-PMA when compared with wild-type hSERT.
The catalytic subunit of the serine/threonine phosphatase PP2A (PP2Ac) has been found to physically associate with SERTs in brain and transfected cells . PP2A inhibitors that bind to and inhibit PP2Ac, including okadaic acid, calyculin A and fostriecin, also trigger hSERT phosphorylation, reduced surface expression and loss of SERT activity , presumably due to loss of SERTassociated phosphatase activity that can attenuate SERT phosphorylation and internalization triggered by kinases such as PKC. Stimulatory phosphorylation, such as that triggered by PKG and p38 MAPK, may also depend upon SERT-associated PP2A activity to suppress phosphorylation at inhibitory sites Ramamoorthy et al. 2007; Zhang et al. 2007) . To determine whether PP2A dysregulation might contribute commonly or uniquely to one or more of the autism-associated SERT variants, we treated transfected cells with increasing concentrations of the two most selective PP2Ac inhibitors available: calyculin A and fostriecin. As shown in figure 4b,c, both drugs demonstrate dose-dependent inhibition of 5-HT transport activity for wild-type hSERT. This effect is significantly enhanced over the more modest sensitivity displayed by either Gly56Ala or Ile425Val.
hSERTs that are transiently transfected into HeLa cells express transporters in a reduced, heterologous system, where the changes in function, pharmacology and regulation can be rapidly assessed. Although this is a powerful paradigm, it is not without its limitations, chiefly the lack of sustained expression that can allow for the impact of chronically expressed hSERT variants to be evaluated. Typical stable cell models have the disadvantage of integration of transfected DNAs at different genomic loci for each cell line produced, introducing clone-to-clone variability in the levels of expression dictated by cis-acting transcriptional mechanisms unique to each site of integration. We therefore created stable cell lines that express the wildtype, Gly56Ala and Ile425Leu hSERT alleles at a common genomic locus (CHO-Flp-In cells). As observed with transient expression studies, stably expressing Gly56Ala cells demonstrate elevated function versus the 5-HT transport achieved by wild-type hSERT ( figure 5a) . Surprisingly, we found Ile425Leu cells to show a small reduction in 5-HT transport function. Exploration of the basis for these changes via western blots of total and surface proteins yielded even more remarkable results. In total extracts, we found that both Gly56Ala and Ile425Leu expression to be significantly reduced relative to wild-type hSERT (figure 5b). Despite elevated transport activity, Gly56Ala total protein levels were actually only approximately 50 per cent of wild-type, whereas Ileu425Leu expression was only approximately 25 per cent of wild-type. Surface expression of hSERT proteins was similarly reduced for both variants relative to wild-type SERT (figure 4c), and the losses here were even more profound. Thus, Gly56Ala and Ile425Leu reached only approximately 45 per cent and approximately 15 per cent of wild-type SERT surface expression, respectively. When we normalized 5-HT transport for the levels of surface expression in the same cells, we demonstrated as expected that Gly56Ala proteins exhibit enhanced catalytic function, with a turnover rate of approximately 250 per cent that of wild-type SERT (figure 4g). Ile425Leu was also strikingly elevated in its catalytic rate by this measure, achieving turnover rates equal to or slightly above those of Gly56Ala.
DISCUSSION
In this report, we extend our initial analyses of autismassociated rare SERT variants Sutcliffe et al. 2005) and reveal for the first time a shared cellular phenotype among them, elevated 5-HT transport function. This gain of function is evident in both natively expressing lymphocytes derived from autism subjects and in transfected cells, particularly when mutants are expressed transiently. Although the Gly56Ala and Ile425Leu variants continue to demonstrate elevated catalytic function in stably transfected CHO-Flp-In cells, where targeting occurs to the same genomic locus, both mutants demonstrate a striking reduction in steady-state protein levels and surface expression that may indicate a detrimental effect of chronically elevated hSERT function. In the CHOFlp-In model, expression is driven at high levels by an integrated viral promoter and either the high level of expression or the distinct CHO environment could contribute to an overall negative impact of mutant expression. Studies with integrated variants at natively expressing sites, such as those afforded with knock-in mice, are now needed to provide an assessment of how the different cellular environments known to harbour SERT react to these mutants. Such models will also permit the analysis of mutant impact on brain development, neurochemistry or function, which is exceedingly difficult, if not impossible, with human carriers.
As SERT is expressed in the midgestation embryo in rodents and primates (Schroeter & Blakely 1996; Sodhi & Sanders-Bush 2004) , the consequences of heritable changes in SERT structure would probably arise during development, though they may also contribute to ongoing behavioural deficits in older subjects as changes were evident in lymphocyte lines prepared from the affected subjects. Indeed, the use of SSRI medications for the treatment of some facets of autism indicate that ongoing dysfunction in 5-HT networks may be an enduring facet of idiopathic autism and gives hope that further inspection of signalling deficits attributable to rare SERT variants can provide a meaningful advance in autism therapeutics. Rodent studies demonstrate a significant effect on brain structure (Persico et al. 2003; Altamura et al. 2007) and behaviour (Holmes et al. 2002 (Holmes et al. , 2003 following genetic or pharmacological manipulations of SERTand/ or 5-HT during development (Whitaker-Azmitia et al. 1996; Bengel et al. 1998) . In this regard, recent studies examining a common SERT promoter polymorphism (5HTTLPR) have linked autism-associated changes in brain size to altered SERT expression (Wassink et al. 2007) . Possibly, the gain of function changes in SERT activity could be compounded by the purportedly higher functioning l/l genotype of the 5HTTLPR. However, the impact of the 5HTTLPR is significantly affected by environment (Caspi et al. 2003) and the 5HTTLPR also carries additional allelic variation recently demonstrated to modify penetrance of the l allele (Hu et al. 2006) . Also, both the l and s alleles of the 5HTTLPR have been associated with autism (Veenstra-VanderWeele et al. 2004) , reinforcing a need for phenotypic studies of pedigrees carrying highly penetrant, functional SERT alleles since these may be less susceptible to moderation by environmental factors.
The four SERT variants we have investigated in this report localize to two distinct domains. Gly56Ala and Lys605Asn localize to cytoplasmic amino and carboxy termini. By contrast, the Ile425-Leu, Phe465Leu and Leu550Val variants are found within TM domains. Ile425Leu is found in TM8, which contributes to structural elements of the 5-HT binding pocket (Henry et al. 2006) . Phe465Leu (TM9) and Leu550Val (TM11), though highly conserved across the SLC6 gene family, are localized to domains without, as yet, ascribed function. As such, perturbations of trafficking evident with these variants may, collectively, derive from stabilized conformations that dictate intracellular trafficking decisions. Regulation of SERT proteins through cytoplasmic domains might be expected to impact both regulation of transport by cellular signalling pathways and transporter trafficking, whereas the TM domain mutants might appear to be Immunoblots of total cell extracts prepared from CHO-Flp-In stable cells expressing hSERTor one of the variants described in the study. (c) Cell surface expression alterations in hSERT, Gly56Ala and Ile425Leu. Cell surface transporters were identified by immunoblotting of biotinylated samples, captured as described in §2. Quantitative estimations of relative (d ) total and (e) surface density of hSERT, Gly56Ala and Ile425Leu based on densitometry of biotinylation immunoblots. Data reflect mean values of three separate experiments G s.e.m. Means were compared with a one-way ANOVA followed by Dunnett's test to compare variant surface expression with that achieved with hSERT, with more likely to support catalytic modulation. The evidence from the studies we present here suggests a more complex picture. Whereas the cytoplasmic domain mutants clearly perturb PKG, p38 MAPK and PKC regulation, these are complex regulatory stimuli that engage both catalytic modulation and trafficking pathways. We (Zhu et al. 2004b (Zhu et al. , 2007 and others Ramamoorthy et al. 2007; Zhang et al. 2007 ) have demonstrated that basal and activated PKG supports transporter trafficking to the plasma membrane, whereas p38 MAPK and PKC support both trafficking and catalytic modulation Samuvel et al. 2005; Zhu et al. 2005) . Since we have shown that PKG activation leads to p38 MAPK-dependent catalytic modulation of SERTs (Zhu et al. 2004a) , these pathways are not independent. Interestingly, our studies with PP2Ac antagonist sensitivity suggest that this SERT-associated phosphatase may hold a key to how mutations in either TM or cytoplasmic domains can impact 5-HT transport K M but have differential effects on membrane trafficking. For example, altered PP2Ac associations, established through direct or indirect conformational alterations in PP2Ac-binding sites (as yet undefined), could lead to the observed elevated constitutive SERT phosphorylation at a SERT catalytic regulatory site controlled by PKG indirectly through p38 MAPK, also predicting the observed lack of further PKG phosphorylation . Such a deficit could also lead to unattenuated phorbol ester-dependent, hSERT regulation by PKC which we document in the Gly56Ala and Lys605Asn mutants . For the hSERT TM mutants, loss of PP2Ac associations would presumably arise through indirect conformational adjustments that indirectly contribute to enhanced basal PKG/p38 MAPK modulation of SERT trafficking.
Autism is a disorder diagnosed through behavioural assessments and it is reasonable to seek causative explanations for the contributions of the hSERT variants we have described to altered brain function. However, SERTs are widely distributed, and thus, at this time, it is not possible to ascribe behavioural changes to a specific cellular insult (such as altered 5-HT signalling in the brain). Indeed, we view the contributions of the studies presented here not as much as a guide to how altered SERT function may disrupt the developmental roles of 5-HT in the developing CNS, but rather as an opportunity to elucidate a mechanistically linked gene network where other disease risk alleles may be identified and where therapeutic opportunities may reside. As one example, we have recently gained evidence that autism subjects harbour at least one novel, hyperactive variant in the A3 adenosine receptor ( ADORA3 ), a receptor whose stimulation leads to activation of PKG and p38 MAPK in the brain and periphery as well as SERT stimulation (Zhu et al. 2007) . NOS1 proteins have recently been found to associate with SERTs (Chanrion et al. 2007) , and we have shown that NOS activation is a critical step between A3 adenosine receptor activation and SERT stimulation; further focus on NOS1 structural and regulatory pathways seem worthy of investment for additional insights into autism risk. Finally, we recently documented the physical association and regulation of SERT by integrin b3 (Carneiro et al. 2008) . Integrin b3 has been associated with whole blood hyperserotonaemia (Weiss et al. 2004 ) and with autism ( Weiss et al. 2006) . Notably, coexpression of a rare, hyperfunctional integrin b3 variant stimulates hSERT function in co-transfected cells (Carneiro et al. 2008) . Together, these examples reinforce the use of network-oriented variant analyses (NOVA) to ascribe cumulative genetic risk for complex behavioural disorders such as autism.
